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Neuroblastoma cellResearch on biological inﬂuence of vanadium has gained major importance because it exerts potent toxic,
mutagenic, and genotoxic effects on a wide variety of biological systems. However, hematological toxicity
is one of the less studied effects. The lack of information on this issue prompted us to study the structural
effects induced on the human erythrocyte membrane by vanadium (V). Sodium orthovanadate was incubated
with intact erythrocytes, isolated unsealed human erythrocyte membranes (IUM) and molecular models of
the erythrocyte membrane. The latter consisted of bilayers of dimyristoylphosphatidylcholine (DMPC) and
dimyristoylphosphatidylethanolamine (DMPE), phospholipid classes located in the outer and innermonolayers
of the human erythrocyte membrane, respectively. This report presents evidence in order that orthovanadate
interactedwith red cellmembranes as follows: a) in scanning electronmicroscopy (SEM) studies itwas observed
thatmorphological changes on human erythrocytes were induced; b) ﬂuorescence spectroscopy experiments in
isolated unsealed human erythrocyte membranes (IUM) showed that an increase in the molecular dynamics
and/or water content at the shallow depth of the lipids glycerol backbone at concentrations as low as 50 μM
was produced; c) X-ray diffraction studies showed that orthovanadate 0.25–1 mM range induced increasing
structural perturbation toDMPE; d) somewhat similar effectswere observed bydifferential scanning calorimetry
(DSC) with the exception of the fact that DMPC pretransition was shown to be affected; and e) ﬂuorescence
spectroscopy experiments performed in DMPC large unilamellar vesicles (LUV) showed that at very low concen-
trations induced changes in DPH ﬂuorescence anisotropy at 18 °C. Additional experiments were performed in
mice cholinergic neuroblastoma SN56 cells; a statistically signiﬁcant decrease of cell viability was observed on
orthovanadate in low or moderate concentrations.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Vanadium is widely distributed in the environment as well as in
biological systems, and it is also a major trace element in fossil fuels.
Consequently, combustion of these materials represents a signiﬁcant
source of vanadium into the environment. Vanadium is a transition
metal, which is possible to be found in the (III), (IV) and (V) oxidationIUM, isolated unsealed human
r, anisotropy; GP, generalized
laurdan, 6-dodecanoyl-2-
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ChAT, choline acetyltransferase;
ifferentiated cells; RA, all trans
+56 41 2245974.
l rights reserved.states. Although most foods contain low concentrations of vanadium,
food itself is the major source of exposure for the general population.
The estimated daily intake of the U.S. population ranges from 10 to
60 μg [1]. In most of the foods, physiologically relevant forms of
vanadium include vanadyl sulfate, sodium metavanadate, sodium
orthovanadate and vanadium pentoxide [2]. The (V) state, as vanadate,
predominates in extracellular body ﬂuids whereas the (IV) state is the
most common intracellular form. However, vanadates such as
orthovanadate, decavanadate, metavanadate anions and vanadyl
cations are interconverted in aqueous solutions depending on concen-
tration, pH and the state of redox potential [3]. Research on biological
inﬂuence of vanadium has gained major importance because it is well
known that it exerts potent toxic, mutagenic, and genotoxic effects on
a wide variety of biological systems [4,5]. Under physiological condi-
tions, both (IV) and (V) oxidation states of vanadium are accessible
both kinetically and thermodynamically. So the shuttle between these
two oxidation states may play a pivotal role in the biological effects of
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on the redox stability and interconversion among oxidation states of
vanadium in biological media [6]. It has been shown that intracellular
vanadate is readily reduced by cytoplasmic glutathione and essentially
all the vanadium is present in the (IV) form [7]. Vanadium compounds
have been shown to inhibit Na+,K+ -ATPase, acid and alkaline phos-
phatase, adenyl kinase aswell as several of the enzymes in the glycolytic
pathway. Since vanadate can adopt a stable trigonal bipyramidal struc-
ture that resembles phosphates, it could inhibit enzyme activity by
replacing phosphate as a substrate [7,8].
Despite the well documented information, there is a lack of reports
concerning the effects of vanadium compounds on both structure and
functions of cell membranes, particularly those of human erythrocytes.
It has been reported that sodium orthovanadate and metavanadate
promoted a signiﬁcant lowering of red blood cell count [9,10], reduced
the deformability of erythrocytes and produced peroxidative changes in
the erythrocyte membrane leading to hemolysis [11]; therefore, the
depressed erythrocyte count in vanadium intoxicated animals may be
the consequence of both hemolytic action of vanadium and the short-
ened time of erythrocyte survival [11]. Vanadate also inhibited the
stomatocytic shape change produced by amphipathic cationic drugs,
but not that induced by low pH [8].
The most important function of any biological membrane is to serve
as a general diffusion barrier. Therefore, its structure and functions are
susceptible to alterations as a consequence of interactionswith chemical
species.With the aim to better understand themolecularmechanisms of
the interaction of vanadium with cell membranes we have utilized
human erythrocytes and molecular models of the erythrocyte mem-
branes. Erythrocytes were chosen because although less specialized
than many other cell membranes they carry on enough functions in
common with them such as active and passive transport, as well
as the production of ionic and electric gradients, to be considered
representative of the plasma membrane in general. Molecular models
consisted of bilayers of dimyristoylphosphatidylcholine (DMPC) and
dimyristoylphosphatidylethanolamine (DMPE), representative of phos-
pholipid classes located in the outer and inner monolayers of the
human erythrocyte membrane, respectively [12,13]. The capacity of
orthovanadate to perturb the multibilayer structures of DMPC and
DMPE was evaluated by X-ray diffraction and differential scanning
calorimetry (DSC)while DMPC unilamellar vesicles (LUV)were studied
by ﬂuorescence spectroscopy. In an attempt to further elucidate their
effects on cell membranes, the present work also examined their
inﬂuence on themorphology of intact human erythrocytes by scanning
electronmicroscopy (SEM), while isolated unsealed human erythrocyte
membranes (IUM) were studied by ﬂuorescence spectroscopy. These
systems and techniques have been used in our laboratories to deter-
mine the interaction with and the membrane-perturbing effects of
other inorganic compounds [14–16].
Although RBCs are a convenient model for studying vanadium–
biological membrane interactions, they are not suitable for investigation
of the majority of metal-induced metabolic and cytotoxic effects due to
the lack of key intracellular organelles. On the other hand, neuronal
cells are known to be particularly susceptible to several endogenous
and exogenous metals due to their high demand for energy supply
[17]. As vanadium species are considered as potential complementary
anti-diabetic compounds, its potential acute and chronic neurotoxicity
becomes a key issue [4,18,19]. However, reports on vanadium effects in
the central nervous system are scarce and conﬂicting. It has been
shown that vanadium pentoxide exerted dopaminergic neurotoxicity
in cellular models of Parkinson's disease [20]. It has also been reported
that vanadium-organic cyclic compounds displayed neuroprotective
properties on cholinergic in vivo neurons in ischemic or stereotactically
injured brains [21,22]. Due to concerns on possible neurotoxic
effects of environmentally introduced vanadium its inﬂuence on
clonal cholinergic cells originating from mice septum was also
investigated.2. Materials and methods
2.1. X-ray diffraction studies of phospholipid multilayers
The capacity of orthovanadate to perturb the structures of DMPC
and DMPE multilayers was evaluated by X-ray diffraction. Synthetic
DMPC (lot 140PC-224, MW 677.9), DMPE (lot 140PC-230, MW
635.9) from Avanti Polar Lipids (AL, USA); and Na3VO4 from Sigma-
Aldrich (St. Louis, MO, USA) were used without further puriﬁcation.
About 2 mg of each phospholipidwas introduced into 1.5 mmdiameter
special glass capillaries, which were then ﬁlled with 200 μl of (a)
distilled water and (b) aqueous solutions of Na3VO4 in a range of con-
centrations (0.25 mΜ to 50 mM). Specimens were X-ray diffracted
after 1 h incubation at 37 °C and 60 °C with DMPC and DMPE, respec-
tively, in ﬂat plate cameras. Specimen-to-ﬁlm distances were 8 and
14 cm, standardized by sprinkling calcite powder on the capillary
surface. Ni-ﬁltered CuKα radiation from a Bruker Kristalloﬂex 760
(Karlsruhe, Germany) X-ray generator was used. The relative reﬂection
intensities were obtained in a MBraun PSD-50M linear position-
sensitive detector system (Garching, Germany); no correction factors
were applied. Experiments were performed at 19±1 °C, which is
below the main phase transition temperature of both DMPC and
DMPE. Higher temperatures would have induced lipid transitions to
more ﬂuid phases making it very difﬁcult to detect structural changes.
Each experiment was repeated three times and in case of doubts
additional experiments were carried out.
2.2. Differential scanning calorimetry (DSC) studies of phospholipid
multilamellar liposomes (MLV)
Appropriate amounts of lipids (DMPC, lot 049H5156 and DMPE,
lot 13H83681) from Sigma dissolved in chloroform were evaporated
under gaseous nitrogen to form a thin ﬁlm on the glass test tube
walls. In order to remove the remnants of moisture, samples were
subsequently exposed to vacuum for 1 h. Dry lipid ﬁlms were
suspended in buffer (1 mM EDTA/10 mM Hepes/50 mM KCl, pH
7.7), and aqueous solutions of orthovanadate were added in the con-
centration range of 0.25 mM to 1 mM. The multilamellar liposomes
(MLV) were prepared by vortexing the samples at the temperature
above gel-to-liquid crystalline phase transition of the pure lipid
(about 30 °C for DMPC and 60 °C for DMPE). The DSC measurements
were performed using a differential scanning calorimeter (CSC 6100
Nano II, Calorimetry Sciences Corp., Provo, UT, USA). To avoid bubble
formation during heating modes the samples were degassed prior to
loading by putting the vacuum of 0.3–0.5 atm on the solution for
10 min. Then the sample cell was ﬁlled with about 400 μl of MLV sus-
pension and an equal volume of buffer itself was used as a reference.
Cells were sealed and equilibrated for about 20 min below starting
temperature of the run. The scan range was 5–40 °C for DMPC and
30–70 °C for DMPE. Heating/cooling scan rates were 1 °C per minute.
The heating scans were carried out ﬁrst. The reference scan was
subtracted from the sample scan and each data set was analyzed for
the thermodynamic parameters with CPCALC software package
supplied by CSC (Provo, UT, USA). The accuracy for the main phase
transition temperature and enthalpy was ±0.1 °C and ±0.8 kJ/mol,
respectively.
2.3. Fluorescence measurements of DMPC large unilamellar vesicles
(LUV) and isolated unsealed human erythrocyte membranes (IUM)
The effects of orthovanadate upon the physicochemical properties
of isolated unsealed erythrocyte membranes and DMPC large
unilamellar vesicles were evaluated through steady state and time
resolved ﬂuorescence spectroscopy. A non-polar membrane probe
DPH was used to examine the hydrophobic deep domains of the
corresponding lamellae. Due to its hindered rotation in ordered
2262 M. Suwalsky et al. / Biochimica et Biophysica Acta 1818 (2012) 2260–2270lamellae its steady-state ﬂuorescence anisotropy measurements
provide information related to the lipid acyl chain packing order. DPH
ﬂuorescence lifetime, obtained from time resolved ﬂuorescence decay
data provides information about the polarity, and hence the hydration
degree in the mentioned lamella domains. The amphiphilic probe
laurdan, was used to examine the polarity and/or molecular dynamics
in the hydrophobic–hydrophilic interface at the lipid glycerol backbone
level. The generalized polarization (GP) concept was used to quantify
laurdan large ﬂuorescence spectral shift [23].
Steady-state and time-resolved ﬂuorescence measurements were
performed in a phase shift and modulation K2 spectroﬂuorometer
(ISS, Inc., Champaign, IL, USA). For both probes, the exciting light
originated from an ISS modulable 375 nm LED laser. Software from
ISS was used for both data collection and analysis. LUV suspension
measurements were carried out at 18 °C and 37 °C, and IUMmeasure-
ments were performed at 37 °C using 5 mmpath-length square quartz
cuvettes. Anisotropy measurements were made in the L conﬁguration
using Glan Thompson prism polarizers in both exciting and emitting
beams. The emission was measured using a WG-420 Schott high-
pass ﬁlter (Mainz, Germany) with negligible ﬂuorescence. DPH
ﬂuorescence anisotropy (r) was calculated according to the deﬁnition:
r=(I||− I⊥) /(I||+2I⊥), where I|| and I⊥ are the corresponding vertical
and horizontal emission ﬂuorescence intensities with respect to the
vertically polarized excitation light [24]. Laurdan ﬂuorescence spectral
shifts were quantitatively evaluated through the GP concept which is
deﬁned by the expression GP=(Ib− Ir) /(Ib+Ir), where Ib and Ir are
the emission intensities at the blue and red edges of the emission
spectrum, respectively. These intensities have been measured at the
emission wavelengths of 440 and 490 nm, corresponding to the emis-
sion maxima of laurdan in both gel and liquid crystalline phases,
respectively [25]. Lifetime measurements were carried out with the
polarizers oriented in the “magic angle” condition [26]. Phase and
modulation values were obtained at 10 modulation frequencies
(5–100 MHz) as previously described [27]. Dimethyl-POPOP (1,4-bis
[2]4-methyl-5-phenyloxazoly‐benzene) in ethanol (τ=1.45 ns) was
used as a reference of intensity decay. Time-resolved ﬂuorescence
intensity decay data of DPH was analyzed using a Lorentzian lifetime
distribution. A ﬁxed discrete lifetime component of 0.01 ns was
used to account for scattered light, which was b2% in terms of
fractional intensity contribution. The Lorentzian lifetime distribu-
tion center obtained from the analysis is informed as DPH
lifetime.
DMPC LUV suspended in water were prepared by extrusion of
frozen and thawed multilamellar liposome suspensions (ﬁnal lipid
concentration 0.4 mM) through two stacked polycarbonate ﬁlters of
400 nm pore size (Nucleopore, Corning Costar Corp., MA, USA)
under nitrogen pressure at 10 °C above the lipid phase transition
temperature. Erythrocytes were separated from heparinized venous
blood samples obtained from normal casual donors by centrifugation
and washing procedures. IUM were prepared by lysis, according to
Dodge [28]. DPH and laurdan were incorporated into LUV and IUM
by addition of 2 μl/ml aliquots of 0.5 mM solutions of the probe in
dimethylsulfoxide and ethanol, respectively, in order to obtain ﬁnal
analytical concentrations of 1 μM, and incubated them at 37 °C for
45 min. Sample temperature was controlled by an external bath
circulator (Cole-Parmer, Chicago, IL, USA) and monitored before and
after each measurement using an Omega digital thermometer
(Omega Engineering, Inc., Stanford, CT, USA). Na3VO4 was incorporated
in LUV and IUM suspensions by addition of adequate (ca. 0.1 M)
aliquots of aqueous solution in order to obtain the different concentra-
tions used in this work. Samples thus prepared were then incubated at
37 °C for ca. 15 min. Blank subtraction was performed in all measure-
ments using unlabeled samples without probes. The data represent
mean values and standard error of ten measurements in two indepen-
dent samples. Unpaired Student's t-test was used for statistical
calculations.2.4. Scanning electron microscopy (SEM) studies of human erythrocytes
In vitro interaction of sodium orthovanadate with erythrocytes
was attained by incubating red blood cell suspensions derived from
healthy human male donors not receiving any pharmacological treat-
ment. Blood samples (0.1 ml) were obtained by puncture of the ear
lobule and by aspiration into a tuberculin syringe without needle
containing 5000 units/ml heparin in 0.9 ml phosphate buffered saline
(PBS), pH 7.4. Red blood cells were then centrifuged for 10 min,washed
three times in PBS, resuspended in PBS containing orthovanadate in a
range of concentrations and incubated for 1 h at 37 °C. Controls were
cells resuspended in PBS without the salts. Specimens were then ﬁxed
overnight at 5 °C by adding one drop of each sample to plastic tubes
containing 1 ml of 2.5% glutaraldehyde, washed twice in distilled
water, placed on siliconized Al stubs, air dried at 37 °C for 30 min and
gold coated for 3 min at 13.3 Pa in a sputter device (Edwards S 150,
Sussex, England). Specimens were examined in a JEOL (JEM 6380 LB,
Japan) SEM. Data were expressed as mean±standard deviation of 50
cell counts.
2.5. Effects of orthovanadate on viability and acetyl-CoA metabolism of
cholinergic SN56 neuroblastoma cells
Unless otherwise speciﬁed biochemicals were obtained from
Sigma-Aldrich (Poznań, Poland), [1-14C-acetyl]-CoA 4 mCi/mmol
was from Perkin-Elmer (Boston, MA, USA), cell culture growth
media and components were provided by Gibco Life Technologies
(Warsaw, Poland), and cell culture disposables were derived from
Sarstedt (Stare Babice, Poland).
2.5.1. Cell cultures
SN56.B5.G4 cholinergic murine neuroblastoma cells, with stable
expression of PDH and ChAT between 22–40th passage, were used
for experiments [29,30]. Cells were seeded at density of 40,000 cells/
cm2 on 75 cm2 Falcon vessels in Dulbecco's modiﬁed Eagle medium
containing 1 mM glutamine, 0.05 mg of streptomycin and 50 U of
penicillin per 1 ml and 10% fetal bovine serum (DMEM-FBS) and
grown at 37 °C in atmosphere 5% CO2, 95% air to obtain cell of non-
differentiated phenotype (NC). Cells were differentiated by combined
addition of 1 mmol/l dibutyryl cAMP (cAMP) and 0.001 mmol/l all-
trans-retinoic acid (RA) for 72 h (DC). They were harvested into
10 ml of ice cold 140 mmol/l NaCl containing 5 mmol/l KCl,
1.7 mmol/l NaK-phosphate buffer (pH 7.4) and 5 mM glucose and
collected by centrifugation at 200×g for 7 min. Supernatant was
removed and cells were suspended in 320 mmol/l sucrose containing
10 mmol/l HEPES buffer (pH 7.4) to obtain protein concentration
10.0 mg/ml. Immediately after collection the cells were used for trypan
blue exclusion assay and for metabolic studies. For ChAT and PDH
assays samples were kept frozen at −20 °C for 2–7 days. Remaining
enzyme activities were assessed in unfrozen samples within 24 h after
harvesting cells.
2.5.2. Metabolic and viability studies
Depolarizing incubation medium contained in a ﬁnal volume of
1.0 ml 2.5 mmol/l pyruvate, 2.5 mmol/l L-malate, 90 mmol/l NaCl,
30 mmol/l KCl, 20 mmol/l NaHEPES (pH7.4), 1.5 mmol/l Na-phosphate,
0.01 mmol/l choline chloride, 0.015 mmol/l eserine sulfate, 32 mmol/l
sucrose, Na3VO4 in concentrations as indicated, and 0.7–1.0 mg of cell
protein. It was used to assure depolarization of the cells to simulate
excitotoxic stimulation taking place in different pathologic brain condi-
tions. Incubation was started by the addition of cell suspension and
continued for 30 min at 37 °C with shaking at 100 cycles per min. For
determination of total acetyl-CoA content, 0.3 ml of incubationmedium
was centrifuged at 5000×g for 2 min. Supernatant was removed and
cell pellet was deproteinized as indicated below. For enzyme assays,
at the end of incubation, the medium containing cell suspension was
Fig. 1.Microdensitograms from X-ray diffraction diagrams of DMPC and DMPE in water
and aqueous solutions of (A, B) sodium orthovanadate; (LA) low-angle and (WA)
wide-angle reﬂections.
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pellet was suspended in a small volume of 320 mM sucrose, homoge-
nized with Teﬂon pestle microhomogenizer (Sigma, Poznań, Poland),
diluted to desired protein concentration with 0.2% w/V Triton X-100
and immediately used for the enzyme assays. Assay media contained
no Na3VO4 added.
2.5.3. Acetyl-CoA assay
For assaying of whole cell acetyl-CoA content, the cell pellet was
deproteinized by suspension in a small volume of 5 mmol/l HCl and
incubated in a boiling bath for 1 min. To assess acetyl-CoA content
in the cell mitochondria 0.5 ml of incubation medium was mixed
with equal volume of lysing solution containing 1.4 mg digitonin/ml
in 125 mmol/l KCl with 20 mmol/l NaHEPES buffer (pH 7.4) and
3 mmol/l EDTA. Lysate was transferred on 0.5 ml of silicone oil mixture
(AR 20 and AR200, 1:2) layered over 0.1 ml of buffered 320 mM
sucrose. After 30 s the mitochondrial fraction was separated from the
soluble one by centrifugation for 40 s at 12,000×g. After removal of
soluble fraction, silicon oils and sucrose, mitochondrial pellet was
deproteinized as described above. Deproteinized extracts of whole
cells and mitochondria were treated with maleic anhydride solution
in ethyl ether for 2 h to remove CoA-SH. Cycling reaction was carried
for 60 min in 0.1 ml ofmedium containing 1.9 mmol/l acetyl phosphate,
1.2 mmol/l oxaloacetate, 1.0 IU phosphotransacetylase and 0.12 IU
citrate synthase. Cycling reaction was stopped by heating samples at
100 °C for 10 min and citrate formedwas determined [31]. Cytoplasmic
acetyl-CoA level was calculated by subtraction of mitochondrial acetyl-
CoA from total acetyl-CoA content [31].
2.5.4. Trypan blue exclusion assay
After 30 min incubation cell suspension was mixed with equal
volume of 0.4% isotonic trypan blue solution. Total cell number and
fraction of nonviable, dye accumulating cells were counted after
2 min in Fuchs-Rosenthal hemocytometer under light microscope
[32].
2.5.5. Enzyme assays
Immediately before the assay, samples were diluted until desired
protein concentration in 0.2%v/v TritonX-100. Choline acetyltransferase
(ChAT, EC 2.3.1.6) activity was assessed by the radiometric method
using [1-14C]acetyl-CoA as a substrate [33]. PDH was assayed by the
citrate synthase coupled method [34]. Activities of aconitase (1.3.99.1)
and NADP-isocitrate dehydrogenase (threo-D-isocitrate:NADP oxidore-
ductase (decarboxylating), ICDH-NADP, EC 1.1.1.42) were assayed by
methods described elsewhere [35,36].
2.5.6. Protein assay
Protein was assayed following the method by Bradford [37] with
human immunoglobulin as a standard.
2.5.7. Statistics
Statistical analyses were carried out by one way ANOVA with
Bonferroni multiple comparison test or by non-paired Student's t
test, at pb0.05 being considered to be statistically signiﬁcant.
3. Results
3.1. X-ray diffraction studies of phospholipid multilayers
Fig. 1A exhibits the results obtained by incubating DMPC with
water and Na3VO4. As expected, water altered the structure of
DMPC, as its bilayer repeat (phospholipid bilayer width plus the
layer of water) increased from about 55 Å in its dry crystalline form
[38] to 65 Å when immersed in water, and its low-angle reﬂections,
(indicated as (LA) in the ﬁgure) which correspond to DMPC polar
terminal groups, were reduced to only the ﬁrst two orders of thebilayer width. On the other hand, only one strong reﬂection of 4.2 Å
showed up in the wide-angle region (WA), which corresponds to
the average distance between fully extended acyl chains organized
with rotational disorder in hexagonal packing. Thus, DMPC showed
the typical characteristics of the Pβ′ gel phase. Fig. 1A discloses that
after exposure to 20 mM and higher orthovanadate concentrations
there was a weakening of the low-angle lipid reﬂection intensities
together with a shift towards higher interplanar spacings. From
these results it can be concluded that orthovanadate produced a
signiﬁcant structural perturbation of DMPC bilayers but at relatively
high concentrations. Fig. 1B shows the results of the X-ray diffraction
analysis of DMPE bilayers incubated with water and Na3VO4. As
reported elsewhere, water at a temperature below DMPE main tran-
sition (about 51 °C) does not signiﬁcantly affect the bilayer structure
in its solid crystalline phase [38]. However, after heating to 60 °C and
cooling down to room temperature (ca. 18 °C) DMPE was in a liquid
crystal phase as its X-ray reﬂections were reduced to one of 56.4 Å
and another of 4.2 Å in the low- and wide-angle regions, respectively.
Fig. 1B shows that 0.5 mM orthovanadate induced a signiﬁcant weaken-
ing of DMPE reﬂection intensities, all of which practically disappeared
with 1 mM Na3VO4. From these results it can be concluded that
orthovanadate induced stronger structural perturbations to DMPE than
to DMPC bilayers.
3.2. Differential scanning calorimetry (DSC) studies of phospholipid
multilamellar liposomes (MLV)
The representative high-sensitivity DSC heating thermograms
obtained for pure DMPC multibilayer vesicles and binary mixtures
of DMPC and orthovanadate at various concentrations are shown in
Fig. 2. In the absence of any additives fully hydrated DMPC bilayers
undergo two thermotropic phase transitions in the temperature
range from 5 to 40 °C; the highly cooperative main transition
(Pβ′→Lα phase transition) at 24.4 °C with an enthalpy change (ΔH)
of 5.5 kcal mol−1, which corresponds to the gel-to-liquid-crystal
transition, and the smaller one (Lβ′→Pβ′ phase transition) occurring
at 14.9 °C with a ΔH of 0.7 kcal mol−1, so called pretransition. Here
the transition temperatures correspond to the transition peak at the
maximal peak height and the transition enthalpies correspond to
the integrated area under the peak divided by the lipid concentration.
The results for the thermodynamic data of the pure DMPC are in
agreement with previous reports (for reviews see [39–41]). In the
case of orthovanadate at the highest concentration under the studies
Fig. 2. Representative DSC curves obtained from multilamellar DMPC liposomes
containing different orthovanadate concentrations. Scans were obtained at a heating
rate of 1 °C min−1.
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the set of representative heating proﬁles obtained for DMPE
liposomes. In the thermal range of 30–70 °C, the pure DMPE bilayers
exhibit a strong and sharpmain-transition at 50.7 °C, with an enthalpy
change (ΔH) of 6.7 kcal mol−1, arising from the conversion of gel to
liquid-crystal phase. The transition is reversible and the shape of the
peak is roughly symmetrical. Thermodynamical parameters found
for DMPE are concurrent with the literature data [42]. Unlike phos-
pholipids containing choline group, DMPE bilayers are affected by the
presence of orthovanadate as the phase transition temperature un-
dergoes a shift to the lower values in the concentration-dependent
manner. The effectiveness in thermotropic phase transition perturba-
tions exerted by examined compound was further analyzed in terms
of thermodynamic parameters. Tables 1 and 2 present values of temper-
ature, enthalpy and entropy for DMPC and DMPE systems, respectively,
determined on the basis of heating and cooling scans.
3.3. Fluorescence measurements of DMPC large unilamellar vesicles and
isolated unsealed human erythrocyte membranes
The concentration dependent effect of orthovanadate incorporation
on the properties of DMPC LUV and IUMwas assessed at 18 °C and 37 °C
on DMPC LUV and at 37 °C on IUM. DPH steady state ﬂuorescence
anisotropy values in DMPC LUV and in IUM, are depicted in Fig. 4, as a
function of orthovanadate concentration up to 1 mM. The addition of
this compound elicited slight changes in anisotropy parameter; inFig. 3. Representative DSC curves obtained from multilamellar DMPE liposomes
containing different orthovanadate concentrations. Scans were obtained at a heating
rate of 1 °C min−1.IUM suspension two local maxima appear upon the addition of 0.1
and 0.5 mM of the additive. In the case of DMPC LUV, in the gel state
(18 °C) two small local minima appear upon the addition of 0.05 and
0.8 mM of the additive, while in the liquid crystalline state (37 °C)
only very slight variations occurredwhich resemble that of IUM suspen-
sions. Laurdan's emission spectral shifts, as a function of the additive
concentration assessed through the generalized polarization parameter
GP, are depicted in Fig. 5. Orthovanadate addition induced a steadily
small increase only in DMPC LUV in the liquid crystalline state (37 °C)
at concentrations higher than 0.2 mM of the additive. No signiﬁcant
changes were obtained in LUV in the gel state and in IUM. DPH ﬂuores-
cence lifetime (Fig. 6) shows in IUM slight but signiﬁcant changes, as a
sharp decrease since the ﬁrst orthovanadate addition, leading to a min-
imum at 0.01 mM with a subsequent increase, leveling at 0.15 mM of
the additive. The very slight changes inDMPC LUV at both temperatures
are not considered signiﬁcant variations.
3.4. Scanning electron microscopy (SEM) studies of human erythrocytes
Fig. 7 shows SEM examinations of human red blood cells incubated
with 0.5 mM and 1 mMNa3VO4. As it can be appreciated, orthovanadate
produced alterations to the normal discoid morphology of the erythro-
cytes (Fig. 7A). In the case of 0.5 mMNa3VO4, almost all the cells exhibit
echinocytic deformation, and only a few remain intact (Fig. 7B). In the
1 mM concentration, all the erythrocytes are affected, and the
echinocytosis is more marked (Fig. 7C). Higher concentrations (not
shown) induced cellular polymorphism; the proﬁles correspond to
echinocytes, stomatocytes, spherostomatocytes, knizocytes, and more-
over, all the cells are microcytes.
3.5. Effects of orthovanadate on viability and acetyl-CoA metabolism of
cholinergic SN56 neuroblastoma cells
Brain cholinergic neurons are known to be particularly sensitive to
several neurodegenerative signals, including overload with endoge-
nous and exogenous metals due to their high demand for acetyl-CoA
used by them not only for energy production but also for acetylcholine
synthesis [30,43]. Therefore, it is expected that theymight be themost
sensitive target of putative vanadiumneurotoxicity. Nondifferentiated
SN56 cholinergic cells (NC) displayed low activity of choline
acetyltransferase as well as acetylcholine content and its release
rate. Three day culture with 1 mM dibutyryl cAMP and 0.001 mM
all-trans-retinoic acid resulted in besides morphological maturation
2–3 fold increase of these cholinergic marker levels in SN56 cells
(Figs. 8 and 9A, B). Differentiation caused also 30% inhibition of cell
multiplication as evidenced by cell count by the end of the culture
(Fig. 10). Orthovanadate, after 30 min exposition, caused disappearance
of cell extensions that became round-shaped. Many of them displayed
multiple vacuoles and blebs (Fig. 9C, D). Incubation of harvested NC
in vanadate free depolarizing medium for 30 min caused no changes
in their viability that remained on 97–99% level (Fig. 11). On the
other hand, short 30 min exposition of harvested DC to increasing
orthovanadate concentrations caused much greater concentration-
dependent loss of viability than the NC ones (Fig. 11). Namely
0.005 mmol/l orthovanadate increased fraction of trypan blue positive
DC to 12%, without compromising viability of NC (Fig. 11). The increase
of orthovanadate concentration to 0.050 mmol/l elevated nonviable
fraction of DC to 23% and that of NC to 8% only (Fig. 11). Further increase
of Na3VO4 to 0.200 mmol/l caused no alteration of nonviable cell
fraction. Despite of partial loss of viability, no alterations in acetyl-CoA
levels were observed in orthovanadate challenged NC and DC (Table 3).
Loss of cell viability, caused by orthovanadate, was accompanied by the
concentration-dependent decrease in cell count, apparently resulting
from their disintegration (Figs. 9–11). The relative extent of the cell
losswas similar in both cell populations. By the end of 30 min incubation
Table 1
Thermodynamic parameters of the main phase transition of pure, fully hydrated DMPC multilamellar liposomes and DMPC/orthovanadate mixtures determined from heating and
cooling scans collected at a heating (cooling) rate of 1 °C min−1.
Heating Cooling
Pretransition Main transition Pretransition Main transition
ΔH
[kcal/mol]
ΔS
[cal/K mol]
Tm
[°C]
ΔH
[kcal/mol]
ΔS
[cal/K mol]
Tm
[°C]
ΔH
[kcal/mol]
ΔS
[cal/K mol]
Tm
[°C]
ΔH
[kcal/mol]
ΔS
[cal/K mol]
Tm
[°C]
DMPC 0.7 2.0 14.9 5.5 18 24.4 0.4 1.0 9.4 5.5 19 23.5
Orthovanadate +0.5 mM 0.6 2.0 14.8 5.0 17 24.4 nd nd nd nd nd nd
+1.0 mM
First 0.4 2.0 12.8 5.0 17 24.3 0.3 1.0 9.2 4.6 16 23.4
Second 0.4 1.0 12.8 5.1 17 24.3 0.3 1.0 8.7 4.7 16 23.4
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and DC decreased by about 40–50% (Fig. 10).
Pyruvate dehydrogenase, aconitase and NADP-isocitrate dehydro-
genase, energy producing enzymes, are known targets for inhibitory
and degenerative effects of various neurotoxic metals [30]. Among
thempyruvate dehydrogenase andaconitase appeared to be particularly
sensitive to such inputs due to the presence of dihydrolipoate binding
sites or non‐heme, cysteine-bound iron in their active centers, respec-
tively. Both cofactors may be displaced by various metals, yielding
their inhibition or inactivation [30]. Incubation of harvested cells for
30 min with 0.200 mmol/l orthovanadate caused alterations in the
pyruvate dehydrogenase complex and NADP-isocitrate dehydrogenase
activities neither in NC nor in DC (Table 4). On the other hand, 30 min
exposition of NC and DC to vanadate caused strong, concentration
dependent inhibition of their aconitase with same Ki values equal to
0.0015 mmol/l (Fig. 12A, B). No correlation has been found between
the decreases in aconitase activities in orthovanadate treated NC and
DC and loss of their viability or structural integrity.
4. Discussion
Analyses by X-ray diffraction showed that 0.5 mM and higher
concentrations of orthovanadate induced structural perturbations of
the polar head group and the hydrophobic acyl regions of DMPE,
whose bilayer structure completely collapsed with 1 mM Na3VO4.
However, only very high concentrations of this compound (from
20 mM) were able to perturb to a low extent DMPC. These results
can be explained on the basis of the different nature of DMPC and
DMPE bilayers. Chemically the two lipids only differ in their terminal
amino groups, these being +N(CH3)3 in DMPC and +NH3 in DMPE.
Moreover, both molecular conformations are very similar in their dry
crystalline phases: their acyl chains are mostly parallel and extended
with the polar groups lying perpendicularly to them; however, DMPE
molecules pack tighter than those of DMPC, effect due to DMPE smallerTable 2
Thermodynamic parameters of the main phase transition of pure, fully hydrated DMPE
multilamellar liposomes and DMPE/orthovanadate mixtures determined from heating
and cooling scans collected at a heating (cooling) rate of 1 °C min−1.
Heating Cooling
ΔH
[kcal/mol]
ΔS
[cal/K mol]
Tm
[°C]
ΔH
[kcal/mol]
ΔS
[cal/K mol]
Tm
[°C]
DMPE
First 6.7 21 50.7 6.0 19 49.2
Second 6.4 20 50.7 6.3 19 49.2
+Orthovanadate
0.25 mM 6.5 21 50.5 6.08 22 48.1
0.50 mM 6.8 21 50.3 7.0 21 48.0
0.75 mM 7.0 22 50.1 7.1 22 47.9
1.00 mM
First 6.9 22 49.7 7.2 23 47.8
Second 7.1 22 49.5 7.4 23 47.7polar group and higher effective charge [38]; as a consequence, water
does not affect DMPE packing. On the other hand, gradual hydration
of DMPC bilayers leads to water ﬁlling the highly polar interbilayer
spaces. Consequently, there is an increase in its bilayer width from
54.5 Å when dry up to 64.5 Å when fully hydrated at a temperature
below that of its main transition. This condition would have promoted
the incorporation of vanadate ions into DMPC highly polar interbilayer
space and the ensuing molecular perturbation of the phospholipid
bilayer structure. However, this was not the case as amazingly DMPE
bilayer was structurally perturbed by the orthovanadate. Somewhat
similar results were observed with monomethylarsonate ions, which
interacted with DMPE, but not with DMPC [44]. The explanation
might lie in the fact that in both DMPE and DMPC the adjacent lipid
molecules in the bilayer are held by electrostatic interactions and
hydrogen bonds between neighboring amino and phosphate groups.
Given DMPE smaller +NH3 groups, and therefore higher effectively
charged than the bulkier +N(CH3)3 of DMPC, orthovanadate ions pref-
erentially interacted with DMPE. On the other hand, orthovanadate
containing tetrahedrically coordinated V (V) is isostructuralwith ortho-
phosphates andorthoarsenates [7,45], a property that allows it to inhibit
enzyme activity by replacing phosphates as a substrate [7].Fig. 4. Effect of orthovanadate on the anisotropy (r) of DPH embedded in DMPC LUV at
18 °C and 37 °C, and in isolated unsealed erythrocyte membranes (IUM) at 37 °C. Each
point represents data average in duplicate and standard error.
Fig. 5. Effect of orthovanadate on the generalized polarization (GP) of laurdan in DMPC
LUV at 18 and 37 °C, and in isolated unsealed erythrocyte membranes (IUM) at 37 °C.
Each point represents data average in duplicate and standard error.
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related not only to the differences in lipid–lipid interaction and
hydratation but also to hydrogen-bonding properties [46]. In DMPC
bilayers, interfacial water molecules comprise the sole source of
donor groups, that can hydrogen bond to the ester carbonyl groups,
while in the case of hydrated DMPE bilayers other prospective source
is the amine protons of the headgroup. During a stepwise hydration, the0,0 0,2 0,4 0,6 0,8 1,0
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Fig. 6. Effect of orthovanadate on DPH ﬂuorescence lifetime, in DMPC LUV at 18 and
37 °C, and in IUM at 37 °C. Lifetime distribution center obtained from the analysis is
depicted as DPH lifetime (see Results). The errors represent the correlated 67%
conﬁdence limits of the reduced χ2.interfacial watermolecules formH-bondswith the PO2− headgroup ﬁrst
and then with the C_O headgroups. However, only in the case of PCs,
water molecules are assembled in the form of a clathrate hydration
shell around thehydrophobicN(CH3)3+ group. Furthermore, exclusively
for PEs, the amine hydrogens, form also H-bonds with the C_O group of
the β chain of the same phospholipid molecule and the PO2− group of an
adjacent phospholipid molecule. Apart from intermolecular, H-bonded
water bridges link apposing PE bilayers, which prevent the interbilayer
spacing from expanding.
DSC data corroborate well with X-ray diffraction studies which
showed that orthovanadate is capable of distortion of phospholipid
thermal behavior. Similarly to arsenite we studied earlier [47] also
in the case of orthovanadate the effect is much more pronounced for
DMPE. Apparently, the transition temperature of DMPE is markedly
higher than that of DMPC. This indicates that intermolecular interactions
via hydrogen bonds, which are responsible for the higher Tm values of
DMPE, also affect the transition entropy. In the liquid-crystalline phase
DMPE seems to have slightly less motional freedom than DMPC, as
veriﬁed by 2H NMR measurements [48,49]. The changes detected by
means of DSC for DMPC and DMPE bilayers in the presence of vanadium
denote that it can interact with phospholipids in the form of
orthovanadate and that the interaction mainly involves the external
part of the hydrophobic core of the bilayer. In theDMPC/Na3VO4 system,
the downshift of the pretransition temperature of 2.1 °C as well as
its lowering even at as low content as 1 mol% conﬁrmed the marked
sensitivity to the presence of the foreign substance. Moreover, the
more profound inﬂuence of orthovanadate on the pretransition (see
Fig. 2 insert) is believed to demonstrate a stronger distortion of the
DMPC packing in the gel state. On the contrary, both the insigniﬁcant
Tm decrease and half-width of the peak (ΔT1/2) increase suggest that
the hydrophobic core is poorly affected by vanadate molecules as they
cannot insert deeply into the bilayer. Consequently, the interaction
between vanadate and phospholipid is restricted mainly to the polar
headgroup region. Undoubtedly, localization of foreign substances
within the bilayer is of great importance when studying the interaction
with membrane lipids. The parameter which can be regarded as an
indicator of compound lipophilicity and solubility is the octanol–water
partition coefﬁcient (logP). When it is considered a logP value for
orthovanadate of−3.268 [50], it is clear that this form shows a relatively
low hydrophobicity. Evidently, the negative value of logP found for
orthovanade is in accordance with X-ray and DSC results and seems to
be a decisive factor for its effect on DMPE thermotropic phase behavior.
The impact of orthovanadate ions observed in our DSC studies can
be ascribed to so-called Hofmeister mechanism reviewed in [51] and
discussed in terms of indirect effects of the solute induced through
changes in solvent properties. It has been shown [52,53] that some
cosolutes, categorized as chaotropes, on increasing concentration,
ﬁrst lower the PC pretransition temperature and then suppress the
pretransition. Moreover, they stabilize the ﬂuid state of PC and PE
bilayers, the latter effect being stronger for PE. With its four hydrogen
bonding position, orthovanadate tends to disrupt the hydrogen-
bonded water structure and accordingly, it can be classiﬁed as a
chaotrope. A decrease of the Tm value in the concentration dependent
manner that was observed in the presence of Na3VO4 may be due to a
loosening of the hydrogen bonds network at the interface. This is in
line with experimental data from spectrometry [54] and calorimetry
[55] for DMPE showing downshift of Tm in the presence of different
chaotropic in the range of 0.1–1 M.
Fluorescence measurement results indicate that orthovanadate
addition induces small changes, predominantly in the hydrophobic
domain of the lipid acyl chain of DMPC LUV and IUM bilayers. Laurdan
GP signiﬁcant changes only occurred inDMPCLUV in the liquid crystalline
state; in fact, as a slight increase (Fig. 5) indicates that in this concentra-
tion interval orthovanadate elicited a small decrease in the dynamics of
water molecules surrounding laurdan ﬂuorophore during solvent relaxa-
tion followingﬂuorophore excitation and/orwater content at the glycerol
AC
B
Fig. 7. Effects of orthovanadate on the morphology of human erythrocytes. SEM images of untreated erythrocytes (A), incubated with 0.5 mM (B), and 1 mM (C) of sodium
orthovanadate.
2267M. Suwalsky et al. / Biochimica et Biophysica Acta 1818 (2012) 2260–2270backbone level of the bilayer. Changes in DPH ﬂuorescence anisotropy
(Fig. 4) suggest that orthovanadate elicits small changes in the lipid acyl
chain packing order. The resemblance in the variation pattern of DMPC
LUV at 37 °C and IUM, both in the liquid crystalline state suggests in
turn that the effect of this additive depends on the lamellae phase state.
DPH ﬂuorescence lifetime is very sensitive to the environment polarity
[56] which, in membrane bilayers, is considered to be determined by
the local hydration at each depth due to the dynamic quenching by
water. In this context, DPH ﬂuorescence lifetime changes in IUM (Fig. 6)
indicate that, at the depth of the membrane hydrophobic core,
orthovanadate elicited a small although abrupt hydration increase sinceChAT ACh cont. ACh rel.
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Fig. 8. Effect of cAMP/retinoic acid induced differentiation on choline acetyltransferase
(ChAT, pmol/min/mg protein), acetylcholine content (ACh cont., pmol/mg protein) and
acetylcholine release (ACh rel., pmol/min/mgprotein) in SN56 cholinergic neuroblastoma
cells. Data are means±SEM from 6 experiments. Signiﬁcantly different from non-
differentiated cells, *pb0.001.the ﬁrst addition. This effect diminished at concentrations higher than
0.01 mM orthovanadate, possible due to the interactions of the latter
with water molecules present in small numbers. We hypothesize that
the presence of proteins induces the appearance of interfaces between
the lipids and protein surfaces, which can be considered as a defect
when compared with a pure lipid phase. Ho and Stubbs [57] provided
the ﬁrst evidence for the existence of water at the protein–lipid hydro-
phobic interface. These membranes, due to the high content of proteins
[58], have a large amount of this type of interfaces and, therefore in
close proximity with lipid domains. So, DPH is able to detect hydration
changes in these interfaces caused by orthovanadate in the lowest con-
centration range.
According to the bilayer couple hypothesis [59,60], shape changes
are induced in red cells due to the insertion of foreign species in
either outer or inner monolayer of the erythrocyte membrane. Thus,
spiculated shapes (echinocytes) are observed in the ﬁrst case while
cup shapes (stomatocytes) are produced in the second due to the
differential expansion of the corresponding monolayer. Given the
extent of the interaction of orthovanadate ions with DMPE, class of
lipid preferentially located in the inner monolayer of the erythrocyte
membrane, stomatocytes were expected from erythrocytes incubated
with Na3VO4. SEM examination of specimens showed that in fact
echinocyteswere observed. These resultsmight imply that orthovanadate
preferentially interacted with proteins located into the outer monolayer
of the erythrocyte membrane. In fact, vanadate interactions with several
proteins have been reported [2,3,7]. Considering the high protein content
of thismembrane, itmust have a large amount of lipid–protein interfaces,
so small protein conformational changes induced by vanadate could
inﬂuence on membrane properties.
Also in neuronal cells orthovanadate caused apparent membrane
malformations (Fig. 9). They however, might result from combination
its direct binding with plasma membrane proteolipids and secondary
alterations resulting from disturbed energy metabolism (Figs. 2, 3, 5,
7, 9, 11, 12). Concentrations of orthovanadate used in this study
vacuoles
blebs
A B
C D
Fig. 9. Effect of orthovanadate on morphology of nondifferentiated (A, C) and differentiated (B, D) SN56 cholinergic neuroblastoma cells. Data are representative for 3 experiments.
Membrane blebs, black arrows; vacuoles, white arrows.
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vanadium concentrations applied, in form of inorganic salts either in
vivoor in cell culture studies, by other investigators [20,61,62]. Differen-
tiated and nondifferentiated phenotypes of septal cholinergic neuronal
cellswere used (Figs. 8 and 9) to assess towhat degree increased acetyl-
CoA consumption for acetylcholine synthesis in the former affects their0.00 0.05 0.10 0.15 0.20
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Fig. 10. Concentration dependent, short-term effects of orthovanadate on number of
nondifferentiated (NC) and differentiated (DC) SN56 cholinergic neuroblastoma cells.
Data are means±SEM from 4 experiments. Signiﬁcantly different from no orthovanadate
control, *pb0.01; respective NC group, +pb0.05.susceptibility to apparently neurotoxic vanadate compounds (Fig. 8)
[20,30,61]. Our past studies have shown that cholinergic cells with
high expression of the cholinergic phenotype were more susceptible
to vast range of neurotoxins, like aluminum, zinc, amyloid-beta or NO
excess, than those with low level of cholinergic metabolism [30,63].
Such differential susceptibility to neurodegenerative insults was0.00 0.05 0.10 0.15 0.20
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Fig. 11. Concentration dependent, short-termeffects of orthovanadate onnonviable‐trypan
blue positive fraction of nondifferentiated (NC) and differentiated (DC) SN56 cholinergic
neuroblastoma cells. Data are means±SEM from 4 experiments. Signiﬁcantly different
from no orthovanadate control, *pb0.01; respective NC group, +pb0.05.
Table 3
Effect of orthovanadate on acetyl-CoA content in cholinergic SN56 neuroblastoma cells.
Addition
Na3VO4 (mmol/l)
Nondifferentiated cells Differentiated cells
Whole cell acetyl‐CoA (pmol/mg protein)
Control 23.3±2.0 22.0±0.9
0.005 25.9±1.5 20.8±2.1
0.050 21.7±2.8 21.2±1.5
0.200 23.6±2.1 23.5±1.4
Data are means±SEM from four experiments.
Fig. 12. Concentration dependent, short-term effects of orthovanadate (A) on aconitase
activity innondifferentiated (NC) and differentiated (DC) SN56 cholinergic neuroblastoma
cells. Dixon's plots for Ki for orthovanadate (B). Data are means±SEM from 3 to 6 exper-
iments. Signiﬁcantly different from no orthovanadate control, **pb0.01.
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production due to its greater utilization for acetylcholine synthesis in
DC. Data presented here support this hypothesis as orthovanadate, in
low or moderate concentrations within short 30 min time caused a
differential loss of the cell viability that was signiﬁcantly greater in DC
than inNC (Figs. 10 and 11). This differential orthovanadate cytotoxicity
to NC and DC cannot be explained by the inhibition of aconitase as it
was equally strong (Ki 0.0015 mmol/l) in both experimental groups
(Fig. 12A, B). This could impair the energy production due to inhibition
of metabolic ﬂow through the entire TCA on the level of aconitase step.
The mechanism of this inhibition remains elusive. It may be supposed
that vanadate could remove iron from S-Fe non heme clusters in the
enzyme active center by the formation of Fe-orthovanadate complexes
[64–66]. This inhibitory effect was similar to those exerted by Zn, Al and
NO known to interfere with aconitase active site [30,64]. The speciﬁcity
of this interaction is supported by the fact that the other enzymes of
energy metabolism: pyruvate dehydrogenase complex (component E3)
with lipoamide binding sites and NADP-isocitrate dehydrogenase, with
NADP binding domain appeared to be resistant to orthovanadate
(Tables 3 and 4). However, these ﬁnding themselves do not explain
highly differential susceptibility of DC andNC to orthovanadate, as its in-
hibitory afﬁnities to aconitase were similar in both cell groups (Figs. 11
and 12). Thus, greater than NC susceptibility of DC to orthovanadate
could result from greater energy expenditures and acetyl-CoA shortages
in their mitochondria connected with supporting higher rates of acetyl-
choline metabolism (Fig. 8) [30,64].
Vanadium concentrations in blood of non-exposed humans to this
trace element were found to be in the range of 0.05–0.10 μmol/l but it
could rise up to 10,000 times in highly exposed persons [67,68]. On
the other hand, vanadate levels in human fetal brains were equal to
about 1 μmol/l, indicating the existence of uptake mechanisms for
vanadate compounds in the brain [69]. It indicates that blood–brain
barrier effectively prevents brain overload with this metal. Neverthe-
less, the Ki for orthovanadate 0.0015 mmol/l to aconitase (Fig. 12B),
corresponds to the brain vanadium levels in exposed animals equal
to 0.002 mmol/l [70]. Therefore, this in vitro effect may be of patho-
physiological importance. It is important to stress that blood parameters
showed little or no reﬂection of toxicity after a long-term supplementa-
tion of vanadium compounds, whichmight be due to the brisk transport
of vanadium from blood to the tissues [2]. However, the lethal concen-
tration of vanadium in the blood of a patient was calculated to be
about 0.12 mM [71]. It corresponds well with gross cell membraneTable 4
Short-term effects of sodium orthovanadate on activities of selected mitochondrial
enzymes in SN56 cholinergic neuroblastoma cells.
Enzyme Na3VO4 added (mmol/l)
Enzyme speciﬁc activity (nmol/min/mg protein)
Control 0.005 0.100 0.200
Pyruvate dehydrogenase NC 7.76±0.23 7.68±0.26 6.98±0.97 7.11±0.45
DC 8.93±0.70 8.47±0.14 7.76±0.38 8.85±0.44
NADP isocitrate
dehydrogenase
NC 26.3±0.9 27.4±0.2 27.5±0.7 28.3±0.4
DC 27.5±0.9 28.0±1.6 30.1±1.9 30.2±2.6
Data are means±SEM from four experiments.changes seen in erythrocyte and neuronal membranes at 0.1–0.2 mM
orthovanadate concentrations in the extracellular space (Figs. 7 and 10).Acknowledgements
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